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ABSTRACT
Introduction Tinnitus and hyperacusis are common
symptoms of excessive auditory perception in the
general population; however, their anatomical substrates
and disease associations continue to be deﬁned. Patients
with semantic dementia (SemD) frequently report
tinnitus and hyperacusis but the signiﬁcance and basis
for these symptoms have not been elucidated.
Methods 43 patients with a diagnosis of SemD
attending a specialist cognitive disorders clinic were
retrospectively studied. 14 patients (32% of the cohort)
reported at least moderately severe chronic auditory
symptoms: seven had tinnitus and a further seven had
hyperacusis, and all had brain MRI while symptomatic.
MRI data from SemD patients with and without auditory
symptoms were compared using voxel based
morphometry in order to identify neuroanatomical
associations of tinnitus and hyperacusis.
Results Compared with SemD patients with no history of
auditory symptoms, patients with tinnitus or hyperacusis
had relative preservation of grey matter in the posterior
superior temporal lobe and reduced grey matter in the
orbitofrontal cortex and medial geniculate nucleus.
Conclusions Tinnitus and hyperacusis may be
a signiﬁcant issue in SemD. Neuroanatomical evidence in
SemD supports previous work implicating a distributed
cortico-subcortical auditory and limbic network in the
pathogenesis of these abnormal auditory percepts.
INTRODUCTION
Tinnitus and hyperacusis are common symptoms
of altered and excessive auditory perception.
1 2
Tinnitus may be deﬁned as abnormal perception of
(elementary) sound in the absence of an external
source. It is usually experienced as ‘buzzing’ or
‘ringing’, distinguishing it from more organised
auditory hallucinations. The reported overall prev-
alence of tinnitus in the general population in
a large postal study was 10%.
2 Tinnitus becomes
more prevalent in association with ageing and
hearing loss, with an estimated prevalence of
12e18% over the age of 60 years
23 ; however, in
only a minority of these individuals is it a signiﬁ-
cant clinical issue. Tinnitus severity has been
quantiﬁed and its impact on sufferers’ daily lives
has been assessed using questionnaires such as the
Tinnitus Handicap Inventory (THI).
4 The patho-
genesis of tinnitus remains poorly understood
56
and although most often associated with otological
disease, both peripheral and central factors are
likely to play a role. Neuroanatomical associations
for tinnitus have been studied using structural and
functional brain imaging techniques (summarised
in table 1) but have yet to be fully deﬁned. Many
brain regions and structures, including auditory
cortex, thalamus, inferior colliculus, limbic and
paralimbic areas have been implicated.
7e12 One
inﬂuential model of tinnitus pathogenesis posits an
interaction between hyperexcitable peripheral
auditory neurons and underactive modulating or
inhibitory central neurons, with a net emergence of
abnormal autonomous activity in central circuits,
experienced as an abnormal percept.
5
Hyperacusis may be deﬁned as reduced tolerance
of sound often leading to avoidance of noisy envi-
ronments.
13 The prevalence of chronic hyperacusis
in the general population aged 51e79 years has
been estimated as up to 9% using a postal survey.
1
Hyperacusis has been less well studied than
tinnitus but these symptoms frequently co-occur,
and shared pathophysiological mechanisms have
been proposed.
13 14 The most common association
of hyperacusis is migraine but a range of other
disease associations are recognised.
13 It occurs in up
to 90% of patients with Williams syndrome
14 in
whom it appears to be part of a broader auditory
phenotype with altered responsivity to sound;
disturbed metabolism of 5-hydoxytryptamine
has been proposed as a mechanism
15 and might
plausibly also account for the development of
hyperacusis in migraine and depression. It has also
been described following focal cortical lesions
16 17
although few imaging studies have been
conducted.
18
In this study, we addressed neuroanatomical
associations of tinnitus and hyperacusis in patients
with semantic dementia (SemD) using voxel based
morphometry (VBM). SemD is a canonical
language led dementia (progressive aphasia)
syndrome in the frontotemporal lobar degeneration
spectrum associated with focal asymmetric
atrophy, particularly affecting the anteroinferior
temporal lobes.
19 SemD is characterised by
progressive erosion of semantic memory, typically
ﬁrst manifesting as impaired verbal comprehension
with development of non-verbal semantic and
behavioural features as the process spreads within
and between the temporal lobes and adjacent
inferior frontal lobes.
20 Our motivation for under-
taking this study was our clinical impression that
patients with SemD commonly report tinnitus
and hyperacusis. This clinical impression has
some prima facie support: alterations of auditory
perception and auditory emotional responses
appear to be signiﬁcant in SemD
21 and SemD
involves a number of cortical and limbic areas
previously implicated in the pathogenesis of
tinnitus.
562 2We hypothesised that damage
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Research paperinvolving such areas in SemD would make these patients more
liable to develop tinnitus and hyperacusis. More speciﬁcally, we
hypothesised that, compared with patients with SemD who had
not developed auditory symptoms, patients with SemD who
had auditory symptoms would exhibit relatively greater
involvement of cortical and subcortical auditory pathways and
extratemporal areas concerned with the evaluation of sensory
stimuli (in particular, the inferior frontal cortex).
METHODS
Subjects
The case notes of patients with a diagnosis of SemD attending
our specialist cognitive clinic over an 18 year period were
retrospectively reviewed and all cases with volumetric brain
MRI were included in the study. If the case notes clearly docu-
mented whether or not the patient was experiencing tinnitus or
hyperacusis, this was recorded; if there was no record of any
auditory disturbance in the case notes, patients were classiﬁed as
having no auditory symptoms. Forty-three patients (24 men,
mean (SD) age 64.4 (7.6) years) were ascertained. All patients
presented with a clinically typical syndrome of SemD led by loss
of vocabulary and evidence of asymmetric (predominantly left-
sided) temporal lobe atrophy. Fourteen patients (32% of the
SemD cohort) had complained of chronic auditory symptoms
(predominantly tinnitus in seven cases, predominantly hyper-
acusis in seven cases). In order to corroborate the retrospective
auditory history, we attempted to contact patients’ carers by
telephone to administer modiﬁed versions of the National Study
of Hearing questionnaire, the THI and the Hyperacusis Ques-
tionnaire.
4 23 Carers (the patients’ spouses) also completed the
questionnaires in respect of their own auditory history.
The study was conducted in accordance with the Declaration
of Helsinki and ethics approval was obtained from the joint
research ethics committees of the National Hospital for
Neurology and Neurosurgery and the Institute of Neurology.
MRI acquisition
Each patient had brain MRI on a 1.5 Tscanner using a standard
quadrature head coil. T1 weighted volumetric images were
obtained with a 24 cm ﬁeld of view and 2563256 matrix to
provide 124 contiguous, 1.5 mm thick slices in the coronal plane
(echo time 5 ms, repetition time 12 ms, inversion time 650 ms).
Image analysis
VBM of brain images was performed using the DARTEL toolbox
of SPM5 (http://www.ﬁl.ion.ucl.ac.uk/spm) running under
Matlab 7.0 (Mathworks, Sherborn, Massachusetts, USA), and
normalisation, segmentation, modulation and smoothing of
grey and white matter images were performed using default
parameter settings.
24 In order to adjust for individual differences
in global grey matter volume, total intracranial volume (TIV)
was calculated for each subject by summing grey matter, white
matter and CSF volumes following segmentation of all three
tissue classes. Linear regression models were used to examine
regional grey matter volumes correlated with the presence or
absence of symptoms in a combined group analysis. Voxel
intensity, v, was modelled as a function of symptomatic status
(present/absent) across the group. Subject age, gender and TIV
were included as nuisance covariates: v¼b1symptom status +
b2age + b3gender + b4TIV + m + 3 (where m is a constant and 3
is error). Grey matter associations were evaluated using
a common design matrix which included all symptomatic
patients and in separate design matrices including patients with
tinnitus and patients with hyperacusis; in each design, the
comparator group was patients without auditory symptoms.
Analyses were performed over voxels inside a ‘consensus mask’
25
which included all voxels with intensity >0.1 in >70% of
subjects.
Statistical parametric maps of regional grey matter intensity
associated with symptomatic status were examined at a voxel
wise threshold of p<0.05 (with a cluster extent threshold of
Table 1 Neuroanatomical group studies of tinnitus and hyperacusis
Study Subjects Methods Modality Anatomical association Activity Grey matter
Shulman et al 1995
41 2T I
5 Controls
Resting state SPECT Bilateral hippocampi, amygdala, PFC Decreased
Arnold et al 1996
11 11 TI
12 Controls
Resting state PET Primary AC Increased
Lockwood et al 1998
10 4T I
2T I
Facial movement
Movement inc TI
PET L primary /non-primary AC
L MGN
Decreased
Increased
Mirz et al 1999
27 12 TI
10 TI
Noise masking
Lignocaine
PET Primary AC
R prefrontal/parietal
Increased
Decreased
Melcher et al 2000
12 7T I
6 Controls
Noise masking;
Residual inhibition
fMRI R inferior colliculus Decreased contra to TI
Reyes et al 2002
28 9T I
9 Controls
Lignocaine PET R AC
ACC, thalamus
Decreased
Increased
Osaki et al 2005
29 3T I
6 Controls
Residual inhibition PET R anterior/middle temporal lobe Increased
Mu ¨hlau et al 2006
9 28 TI
28 Controls
VBM vMRI Subcallosal area
R MGN
e Decreased
Increased
Plewnia et al 2007
30 9 TI Lignocaine PET R temperoparietal junc
L mid/inf temporal lobe, L PCC
Increased
Smits et al 2007
7 35 TI (Lat)
10 Bilateral
Bilateral music fMRI IC, MGN, association AC
LA C
Decreased contra to TI
Decreased
Hwang et al 2009
18 3H A
3 Controls
Bilateral noise fMRI Bilateral PFC, OFC, PH,
parieto-occipital junction, L PCC, DL-PFC
Increased
Landgrebe et al 2009
8 20 TI + 8 Lat
28 Controls
VBM vMRI R inferior colliculus,
L hippocampus
Decreased
Schlee et al 2009
35 23 TI
24 Controls
Resting state MEG R>L parieto-occiptal, bilat PFC,
R OFC
Increased (outﬂow)
Decreased (outﬂow)
Present study 7 TI VBM vMRI R STG/STS
Bilateral OFC
Increased
Decreased
7 HA L MGN Decreased
AC, auditory cortex; ACC, anterior cingulate cortex; DL-PFC, dorsolateral prefrontal cortex; fMRI, functional MRI; HA, hyperacusis; IC, inferior colliculus; L AC, left auditory cortex; Lat, unilateral;
MEG, magnetoencephalography; MGN, medial geniculate nucleus; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; PET, positron emission tomography; PFC, prefrontal cortex; PH,
parahippocampus; SPECT, single photon emission CT; STG/STS, superior temporal gyrus/sulcus; TI, tinnitus; VBM, voxel based morphometry; vMRI, volumetric MRI.
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Research paper30 voxels) after small volume correction in accordance with the
prior anatomical hypotheses. Small anatomical volumes were
created in MRIcron: these volumes comprised each temporal
lobe (a region extending from the anterior temporal pole
posteriorly to the parieto-occipital junction and from the supe-
rior temporal gyrus medially to the medial border of Heschl’s
gyrus, including auditory cortices and mesial temporal limbic
structures), the upper brainstem (a region extending from the
upper pons rostrally to the mid thalamus and from the ventral
border of the pons posteriorly to the mid cerebellar peduncles,
including both inferior colliculi and medial geniculate nuclei)
and bilateral orbitofrontal cortices (a region extending from the
gyrus rectus medially to the lateral orbital gyrus and from
the frontal pole to the border of the posterior orbital gyrus and
insula). In order to assess any grey matter associations of
tinnitus or hyperacusis in relation to the overall distribution of
disease related brain damage, in a separate VBM subanalysis we
derived a map of SemD related brain atrophy by comparing MR
images from the SemD cohort with MR images (obtained using
the same scanner and acquisition parameters) from a group of 20
age and gender matched healthy control subjects (mean age
65.2 years (7.3); eight women; TIV 1620 ml (152)). The atrophy
map was thresholded at p<0.05 after false discovery rate
correction over the whole brain.
RESULTS
Clinical characteristics
Patient characteristics are summarised in table 2. Of the 14
patients reporting auditory symptoms, ﬁve reported tinnitus
alone, two both tinnitus and hyperacusis and seven hyperacusis
alone. All of these individuals had persistent (chronic) symp-
toms consistent with signiﬁcant tinnitus or hyperacusis present
for at least 1 year prior to their MRI scan, and MRI in each case
was acquired while the patient was symptomatic. Patients in
the subgroups with and without auditory symptoms had a
similar mean clinical disease duration (symptomatic¼5.07 years
(62.87); non-symptomatic¼4.62 years (62.07) (p¼0.56)). Four
symptomatic and six non-symptomatic individuals had
additional non-verbal symptoms (behavioural change or proso-
pagnosia) at presentation. Naming performance (an index of
semantic impairmentdie, SemD severity) was severely impaired
in both subgroups, and the subgroups had similar proﬁles of
executive impairment. Symptom questionnaires were adminis-
tered to eight carers (two for patients with tinnitus, six for
patients with hyperacusis; see table 2). Using the National
Study of Hearing questionnaire, no hearing deﬁcit was predicted
for any of the patients reporting hyperacusis alone; a hearing
deﬁcit equivalent to whispered speech (ie, 9 dB
2) was predicted
for both patients with tinnitus whose carers were interviewed,
and based on the THI tinnitus was graded to have been
moderately severe in both cases. One of these patients had
a known history of congenital sensorineural hearing loss but
complained of tinnitus only after the onset of SemD. One
patient reported onset of tinnitus 3 years prior to onset of the
language syndrome. All patients with questionnaire data
reported hyperacusis: this was given a mean scaled distress score
>28 on the modiﬁed Hyperacusis Questionnaire, indicating
signiﬁcant auditory hypersensitivity.
23 In other cases where
questionnaire data were not available, a qualitative review of the
clinical history indicated that auditory symptoms were persis-
tent, intrusive or distressing, with an impact on the patient’s
quality of life, suggesting that these symptoms were at least
moderately severe. Only one of eight carers themselves reported
hyperacusis (graded as mild); none reported tinnitus.
VBM data
Associations between regional grey matter intensity and audi-
tory symptoms were identiﬁed within the SemD cohort;
statistical parametric maps of regional grey matter associations
are shown in ﬁgure 1. Compared with the patient subgroup
without auditory symptoms, the patient subgroup with audi-
tory symptoms (considering tinnitus and hyperacusis together)
had increased grey matter in the right posterior superior
temporal gyrus and sulcus and reduced grey matter in bilateral
orbitofrontal cortices (both p<0.05 after small volume correc-
tion). No grey matter differences were observed in early auditory
Table 2 Patient characteristics
Tinnitus Hyperacusis Nil auditory All
No of patients 7 7 29 43
Age (years) 61.5 (65.1) 60.2 (65.9) 66 (67.9) 64.4 (67.6)
Gender (M:F) 4:3 5:2 15:14 24:19
Symptom duration to MRI (years) 5.1 (63.0) 5 (63.0) 4.62 (62.1) 4.8 (62.3)
Naming
GNT 0 (n¼1) 0.5 (n¼2) 0.5 (n¼8) 0.5 (n¼11)
ONT 5.8 (n¼6) 3.2 (n¼5) 6.6 (n¼21) 5.78 (n¼32)
Executive function{
>10th centile 3 4 15 22
5e10th centile 1 0 3 4
<5th centile 1 2 4 7
Other non-verbal symptoms* 2 2 6 10
Hearing deﬁcit (NSH) N¼2 0 N/A N/A
THI scaled score 42/100 (n¼2)y N/A N/A N/A
HQ scaled scorez 28.9/42 (611.1); (n¼2x) 30.6/42 (65.6); (n¼6) N/A N/A
*Behavioural change or prosopagnosia at presentation.
yModerately severe.
zModiﬁed questionnaire from which scaled score devised to range from 0 (no symptom distress) to 42 (maximum distress) and score
>28¼signiﬁcant auditory hypersensitivity.
xBoth of these patients also reported hyperacusis.
{Standard tests of executive function (available for 33 of 43 patients) included the Weigl Card Sorting Test, the Wisconsin Card
Sorting Test, the Trail Making Test Part B and the Stroop Task; best performance on any executive test is recorded.
GNT, Graded Naming Test; HQ, Hyperacusis Questionnaire; N/A, not available; NSH, National Study of Hearing Questionnaire; ONT,
Oldﬁeld Naming Test; THI, Tinnitus Handicap Inventory.
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Research papercortical regions in the superior temporal plane. The subgroup
with predominant tinnitus showed a similar neuroanatomical
proﬁle. Compared with the patient subgroup without auditory
symptoms, the subgroup with hyperacusis only had reduced
grey matter in the left medial geniculate nucleus (p<0.05 after
small volume correction). All grey matter areas identiﬁed in the
disease subgroup contrasts were located within the region of
disease associated atrophy in the contrast between the SemD
and healthy control groups, indicating that any regional grey
matter increase was relative rather than absolute.
DISCUSSION
Here we present evidence that symptoms of abnormal auditory
perception are signiﬁcant in SemD and have speciﬁc neuroana-
tomical substrates. The overall prevalence of auditory symptoms
in our SemD cohort (14/32 cases, 32%) was substantially higher
than the estimated combined prevalence of these symptoms
among older adults in the general population (<20%); while
considering tinnitus alone (for which more detailed population
information is available), 7/32 patients (16%) in the SemD
cohort reported moderate or severe chronic tinnitus compared
with an estimated prevalence of moderately severe tinnitus of
4e6% of older adults in the general population.
2 26 As patients’
spouses reported a low frequency of auditory symptoms, it is
unlikely the apparently increased prevalence of these symptoms
in our SemD cohort was attributable to environmental or other
extraneous factors. The neuroanatomical ﬁndings here implicate
a distributed cortico-subcortical network, including both
auditory and non-auditory areas, in the pathogenesis of
auditory symptoms in SemD: atrophy of the orbitofrontal
cortex was associated with tinnitus; atrophy of the medial
geniculate nucleus (auditory thalamus) was associated with
hyperacusis; while relative preservation of grey matter in the
posterior superior temporal lobe was associated with both
tinnitus and hyperacusis. These ﬁndings are broadly consistent
with previous work in other populations with chronic tinnitus
and hyperacusis.
7e12 16 18 27e32
As peripheral hearing was not directly assessed in our SemD
cohort, we cannot be certain to what extent peripheral deﬁcits
contributed to the pathogenesis of auditory symptoms in these
patients; however, the neuroanatomical data here suggest a role
for central mechanisms in the generation of abnormal auditory
percepts in the context of brain disease. We also note that
Heschl’s gyrus (the seat of primary auditory cortex) was not
implicated in our study, in contrast with previous work on
tinnitus in association with peripheral deafness
33 but consistent
with recent work indicating the clinical and anatomical disso-
ciability of hearing loss and tinnitus.
34 Our ﬁndings illustrate the
role of distributed brain networks in producing abnormal audi-
tory percepts, with or without a facilitating effect from
peripheral hearing loss.
18 35 The present ﬁndings further suggest
that the limbic or paralimbic (orbitofrontal) cortex is involved in
the pathogenesis of tinnitus and hyperacusis, presumably
conditioning the powerful emotional response to the symptoms
that most sufferers describe.
10 22 35e37 It is of interest that we
found both regional loss and relative preservation of grey matter
in association with altered auditory perception: this implies that
tinnitus and hyperacusis are not simply a consequence of net
loss or gain of cortical function but may instead result from
altered coupling within a larger cortical-subcortical neural
network. This suggestion is in line with current models of the
pathogenesis of tinnitus and hyperacusis that emphasise
complex interactions between sensory insufﬁciency, sustained
hyperexcitability within central auditory pathways and
abnormal modulation by a limbic ‘gating system’.
22 The area of
relative grey matter increase in the posterior superior temporal
gyrus and sulcus identiﬁed here contains the association
auditory cortex and has been shown previously to be abnormally
activated in patients with chronic tinnitus.
7 The use of a struc-
tural imaging modality here does not address the possibility of
more widespread functional alterations involving structurally
unaffected brain areas in the auditory cortex and beyond.
Our ﬁndings corroborate other emerging evidence for central
auditory dysfunction in common degenerative dementias,
including Alzheimer’s disease
38 and diseases in the fronto-
temporal lobar degeneration spectrum.
39 It is tempting to
speculate that SemD may particularly predispose to the devel-
opment of central auditory disorders because the tissue damage
Figure 1 Statistical parametric maps
of grey matter differences associated
with auditory symptom status have
been rendered on the mean T1-
weighted normalised DARTEL brain
image for the SemD cohort. For display
purposes, all maps are thresholded at
p <0.001 uncorrected and show
clusters >30 voxels in size; for all
regions shown, local maxima were
signiﬁcant at p<0.05 corrected for
multiple comparisons over the
pre-speciﬁed anatomical volume of
interest (see text). T score is coded on
the colour bar (lower right). L, left; R,
right; *axial sections have been tilted to
run along the superior temporal sulcus
(showing auditory association cortex).
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Research paperin SemD selectively targets a number of areas in the temporal
and adjacent frontal lobes that are likely to be critical for the
perception, comprehension and affective response to sound. This
suggestion would be consistent with previous clinical observa-
tions that patients with focal temporal lobe atrophy may have
heightened sensitivity to sensory stimuli of various kinds.
40
Limitations of this study include its retrospective nature, the
relatively small number of cases and reliance on a single
(structural) imaging modality. Tinnitus and hyperacusis are not
unitary symptoms and the phenomenological characteristics of
these percepts in relation to peripheral and central auditory
function are likely to be informative. Future work should address
these issues in prospective, longitudinal studies using multi-
modal clinical, electrophysiological, structural and functional
imaging techniques in larger cohorts of patients with SemD and
other neurodegenerative conditions.
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